In mammalian testes, ''A-single'' spermatogonia function as stem cells that sustain sperm production for fertilizing eggs. Yet, it is not understood how cellular niches regulate the developmental fate of A-single spermatogonia. Here, immunolabeling studies in rat testes define a novel population of ERBB3 + germ cells as approximately 5% of total SNAP91 + A-single spermatogonia along a spermatogenic wave. As a function of time, ERBB3 + A-single spermatogonia are detected during a 1-to 2-day period each 12.9-day sperm cycle, representing 35%-40% of SNAP91
INTRODUCTION
It has been known for more than a century that spermatozoa develop from germline stem cells in mammalian testis through the process of spermatogenesis (for review, see [1] ). Still, it remains a mystery how complex microenvironments within mammalian testes instruct stem cells to initiate spermatogenesis. Mammalian germline stem cells unique to testes are generally termed spermatogonial stem cells [2] [3] [4] . Spermatogonial stem cells maintain spermatogenesis within tubular structures comprising the seminiferous epithelium, which undergoes a precisely timed cycle of events during spermatozoan maturation [5] . As a result, stem cell-derived spermatozoa are systematically released from testes each seminiferous epithelial cycle by a process known as spermiation [5] . Cycle time is set within a species due to germline-intrinsic factors [6] and ranges from 8.6 days in mice to 12.9 days in rats, 16 days in humans, and 17 days in hamsters [7] .
A widely accepted theory in mammals is that type ''Asingle'' spermatogonia harbor the spermatogonial stem cell population [8] [9] [10] . Hence, A-single spermatogonia have long been postulated to proliferate as stem cells and to generate early spermatozoan progenitors termed ''A-paired'' spermatogonia [8] [9] [10] . Type A-paired spermatogonia are derived from dividing A-single spermatogonia that do not complete cytokinesis. This yields two germline cells connected to each other by a cytoplasmic bridge. Amplifying divisions beyond the A-paired stage also do not complete cytokinesis and continue to generate longer syncytial chains containing 4, 8, and 16 cells, termed ''A-aligned'' spermatogonia, which are progressing through early steps in spermatogenesis [8] [9] [10] . Thus, cytoplasmic bridges of A-aligned spermatogonia are considered a distinguishing trait of early spermatozoan progenitors.
Developmentally, most A-paired and A-aligned spermatogonia appear distinct from A-single spermatogonia, because Apaired and A-aligned spermatogonia are more susceptible to being transformed into type A1 spermatogonia during stages VII-VIII of the seminiferous epithelial cycle [8] [9] [10] [11] . Type A1 spermatogonia then give rise to a series of differentiating spermatogonial types (i.e., types A1 ! A2 ! A3 ! A4 ! Int ! B ! meiosis) that divide at specific stages of the epithelial cycle before initiating meiosis as spermatocytes [12] . Spermatocytes complete meiosis to generate male haploid gametes, which morph into flagellated spermatozoa that fertilize oocytes for sexual reproduction [5] .
This developmental hierarchy, which positions A-single spermatogonia as mammalian germline stem cells, is genetically confirmed in flies where ''isolated'' germ cells in the single-cell state function as stem cells that generate early differentiating sperm progenitors (gonialblasts) or egg progenitors (cystoblasts) that develop into syncytial chains as they progress through meiosis and form gametes [13] . However, the dogma that mammalian A-single spermatogonia purely represent stem cells has recently been challenged, because pulselabeling experiments in genetically engineered mice predict spermatogonial stem cells to reside within a novel subpopulation of NEUROG3
þ , NANOS2 þ A-single spermatogonia [11, [14] [15] [16] . This has provided insight regarding the concept of ''actual'' and ''potential'' spermatogonial stem cell populations in mammals, and it predicts that a fraction consisting of approximately 60%-96% Ngn3-EGFP-negative,
NANOS2
þ , GFRa1 þ A-single spermatogonia is more representative of an ''actual'' stem cell population [11, [14] [15] [16] . Moreover, it was concluded that A-single spermatogonia may not be the sole source of male germline stem cells in adult mammals [11] . This was based on NEUROG3 þ A-aligned spermatogonia that were filmed fragmenting to generate shorter syncytia, which included production of new A-single spermatogonia [11] . Time-lapse imaging in Drosophila testes has further shown fragmentation of spermatogonial syncytia containing 4-16 cells in the vicinity of germline stem cell niches after experimentally inducing severe germ cell loss [17] . Interestingly, syncytial fragmentation under these conditions yielded predominantly paired spermatogonia that reoccupied vacant germline stem cell niches [17] .
Still, defining the associated cellular components that comprise a germline stem cell niche within mammalian gonads continues to evade scientists [4, 18] . This inability to pinpoint how spermatogonial stem cell fate is regulated at an anatomical level in mammals prohibits genetic analyses to more precisely elucidate how spermatogenesis is maintained and initiated in vivo. Given the cyclical nature of the seminiferous epithelium [5] , extrinsic factors critical for maintenance of stem spermatogonia [19] , and dependence of spermatogonial stem cell numbers on Sertoli cell numbers [20] , it is reasonable to hypothesize that highly structured niches do regulate sperm stem cell fate in mammals. Moreover, in mammals, genetic or chemical depletion of endogenous germline stem cells is required for donor spermatogonia to effectively colonize recipient testes and maintain spermatogenesis [4] . This concept is clearly supported by discoveries in Drosophila where early differentiating progenitors ''re-fill'' vacant niches and become germline stem cells lacking syncytia [21, 22] . Thus, based on modeling in both invertebrates and vertebrates, germline stem cell niches in mammals would theoretically function to regulate the fate of A-single spermatogonia.
Here, we identify a factor related to the neuregulin receptor, ERBB3, that is transiently detected during a 1-to 2-day period each 12.9-day rat spermatogenic cycle in a rare subset of SNAP91 þ , ZBTB16 þ , SALL4 þ A-single spermatogonia. Along a rat spermatogenic wave, the ERBB3 þ and ERBB3 À A-single spermatogonia colocalize specifically to epithelial segments of stage VIII-IX seminiferous tubules undergoing sperm release. Therein, ERBB3 þ spermatogonia form direct contacts with Sertoli cells and transitioning preleptotene spermatocytes, thus mapping this novel spermatogonial type to definable microanatomy at the basement membrane of the rat seminiferous epithelium. Accordingly, selective induction of early spermatozoan progenitors from one A-single spermatogonial pool within this ephemeral environment presents a model where remaining A-single spermatogonia act as stem cells to support subsequent rounds of spermatogenesis.
MATERIALS AND METHODS

Animal Protocols
Protocols for use of wild-type (Harlan Co.) and tgGCS-EGFP [23] SpragueDawley rats in the present study were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern (UTSW) Medical Center in Dallas, as certified by the Association for Assessment and Accreditation of Laboratory Animal Care International.
Analysis of A-Single Spermatogonial Subtypes
Immunofluorescence-based data on numbers of spermatogonia were collected in testis sections and seminiferous tubule whole mounts (0.5-to 2.5-cm pieces) after labeling with antibodies to spermatogonial markers, as detailed below under Immunofluorescence Labeling in Testis Sections and Immunofluorescence Labeling in Seminiferous Tubule Whole Mounts. Seminiferous tubule pieces used for analysis of segments containing ERBB3 þ spermatogonia were imaged in whole mounts using a Nikon SMZ1500 fluorescence stereomicroscope equipped with ACT-1 imaging software (Nikon Instruments, Inc.). The length of each tubule piece was measured using the NeuronJ plug-in for ImageJ software (version 1.47; http://rsb.info.nih.gov/ij/) [24] , which computationally traced the contour of each tubule piece to provide pixel length for normalization to total field width in pixels/mm [25] . Measurements of tubule lengths recorded using ImageJ were verified by printing tubule images on paper and tracing them individually using a Scale Master Pro-XE advanced digital plan measure with PC interface 6335 (Calculated Industries) calibrated to an internally placed scale bar.
Spermatogonial counts in whole mounts were normalized per average spermatogenic wave length in adult Sprague-Dawley rats (2.6 cm/wave) [26] . Spermatogonial counts in adolescent (age, 30-31 days) rats were also normalized to 2.6 cm/unit length; however, it should be noted that spermatogenic waves have yet to develop to adult length in adolescent rats [27] . Images from fluorescence labeling were acquired using an IX70 fluorescence microscope (Olympus, Inc.) equipped with Simple-PCI software (Compix, Inc., Imaging Systems). Areas of imaged ERBB3 þ spermatogonia were also analyzed in ImageJ by enhancing contrast within its linear range and use of the ''wand tool'' to select and measure the total pixels per selected image composing each cell. Real area was obtained by the product of cell area in pixels and total real area covered by each pixel magnified 200-fold.
Frequency of ERBB3
þ A-Single Spermatogonia/Epithelial Cycle
To estimate relative numbers of ERBB3 þ A-single spermatogonia within the total population of SNAP91 þ A-single spermatogonia during stages VIII-IX of spermatogenesis, the time of ERBB3 þ A-single spermatogonia detection/ cycle of the rat seminiferous epithelium was estimated to be between 1 and 2 days. This was based on 1) specific localization to stage VIII-IX tubular segments and 2) duration of stage VIII plus stage IX of rat spermatogenesis (i.e., 30 h þ 7 h) as an approximate period of ERBB3 detection in A-single spermatogonia [5, 7] . Given this, 37- þ A-single spermatogonium. This was considered a more accurate measurement of local A-signal spermatogonia concentrations during stages VIII-IX, because several tubule pieces contained proximal regions during stage VII-VIII transitions that harbored one or more small clusters of ERBB3 þ A-single spermatogonia separated by two to four microscopic fieldlengths (;0.9-1.8 mm) from regions ahead of where most contiguous fields contained ERBB3 þ A-single spermatogonia. Images were acquired using an LCPlanFl 203/0.40 Ph1 Japan (Cap-Pl I C.5) objective (Olympus) on the IX70 fluorescence microscope system described above. This was done by scanning along lengths of seminiferous tubule fragments using the 203 objective and capturing overlying fluorescence images, first in red (ERBB3 þ cells) and then in green (SNAP91 þ cells).
Staging ERBB3 þ Spermatogonia
Spermatogenic stages were scored in paraformaldehyde-fixed, frozen histological sections (section thickness, 8 lm) prepared from testes of wildtype rats after staining by the periodic acid-fuchsin sulfurous acid technique [28] but modified for frozen sections (John M. Shelton and James A. Richardson, UTSW Molecular Pathology Core Laboratory) [29] . Spermatid development was used as the primary criterion to identify cellular associations defining each of the 14 spermatogenic stages in Sprague-Dawley rats [5, 7, 30] . Adjacent, unstained sections were colabeled with antibodies to ERBB3 and ZBTB16 (also called PLZF), together with Hoechst 33342 dye, as described below under Immunofluorescence Labeling in Testis Sections.
Immunofluorescence Labeling in Testis Sections
Testes were isolated from wild-type (Harlan Co.) and tgGCS-EGFP [ anti-ERBB3, 0.25 lg/ml (catalog no. sc-285; Santa Cruz Inc.); anti-SNAP91, 1:1500 dilution from manufacture (catalog no. GTX11329, clone ID AP180-1; GeneTex); anti-CD9, 2 lg/ml (catalog no. 551808, clone RPM.7; BD Biosciences); anti-PLZF, 0.2 lg/ml (catalog no. OP128, clone 2A9; Calbiochem); anti-SALL4, 0.2 lg/ml (catalog no. H0005716-M03, clone 6E3; Abnova), anti-pS6 protein Ser235/236 epitope, 0.4 lg/ml (catalog no. 2011 or catalog no. 4857, clone 91b2; Cell Signaling Technology); anti-pS6 protein Ser240/244 epitope, 0.4 lg/ml (catalog no. XP5364, clone D68F8, or catalog no. XP4278, clone 61H9; Cell Signaling Technology). After treatment with primary antibodies, sections were washed three times for 10 min/wash in 50 ml of PBS and then incubated for 40 min at 22-248C with respective Alexa Fluor 594 (Invitrogen, Inc.) or Alexa Fluor 488 (Invitrogen, Inc.) secondary antibodies diluted to 4 lg/ml in PBS containing 5 lg/ml of Hoechst 33342 dye (catalog no. H3570; Molecular Probes). After treatment with secondary antibodies, sections were washed three times for 10 min/wash in 50 ml of PBS. After the third wash in PBS, sections were cover-slipped for viewing using Fluorogel mounting medium (catalog no. 17985-10; Electron Microscopy Sciences). Images were acquired using the IX70 fluorescence microscope as described above.
5-Ethynyl-2 0 -Deoxyuridine Incorporation
Wild-type Sprague-Dawley rats (n ¼ 3/group) were administered 5 mg/kg of 5-ethynyl-2 0 -deoxyuridine (EDU) dissolved in PBS by one or two i.p. injections (120-day-old rats: one injection, 0 h; 31-day-old rats: two injections, 0 and 6.5 h). Testes were harvested from 31-day-old rats 24 h following their initial injection with EDU and from 120-day-old rats 44 h following their single injection with EDU. Seminiferous tubules were processed according to the manufacturer's instructions for labeling cells with EDU (Click-IT EdU Alexa Fluor 488 Imaging Kit, catalog no. C10337; Invitrogen), followed by immunofluorescence with antibodies to testis cell markers, as described below under Immunofluorescence Labeling in Seminiferous Tubule Whole Mounts.
Immunofluorescence Labeling in Seminiferous Tubule Whole Mounts
Seminiferous tubules were dissected from rat testes in 10-cm dishes containing Dulbecco modified Eagle medium:Ham F12 medium (1:1; DHF12 medium, catalog no. D8437; Sigma) at approximately 22-248C. Individual tubules were teased apart from testes by blunt dissection, rinsed in fresh DHF12 medium, and fixed for 1 h at 48C in 20 ml of 0.1 M sodium phosphate buffer (pH 7.2) containing 4% paraformaldehyde. Optimal colabeling with antibodies to SNAP91 and ERBB3 was obtained by suspending the paraformaldehydefixed tubules in ice-cold methanol and then immediately incubating them for additional 20 min at À208C (applied to obtain spermatogonial frequency data from rats aged 104-126 days). Following fixation, tubules were washed three times in 20 ml of PBS for approximately 10 min/wash at 22-248C and then stored at 48C for up to 2 wk before use. For indirect labeling with antibodies, tubule pieces (length, 0.5-2.5 cm) were aliquoted into microfuge tubes containing 800 ll of 10 mM sodium citrate (pH 6.0) and incubated at 808C for 6-8 min. After heat treatment, tubules were immediately washed by dipping in PBS at 22-248C and then incubated for 1 h at 22-248C in blocking buffer before treating with respective primary and secondary antibodies as described above in Immunofluorescence Labeling in Testis Sections. Colabeling with antibodies raised in the same species (i.e., cytoplasmic SNAP91 or CD9 with nuclear PLZF or SALL4 mouse immunoglobulin Gs) required sequential overnight incubations. Labeled tubules were sealed between microscope slides (25 3 75 3 1 mm; catalog no. 48311-703; Super Frost Plus White Micro Slides; VWR International) using Fluorogel mounting medium, and images were acquired as described above.
Transcript Profiles in Spermatogenic Cell Cultures
Snap91 and Sall4 profiles were extracted from National Center for Biotechnology Information Gene Expression Omnibus (GEO) DataSets, series GSE830, which profiled changes in transcript abundance in flow-sorted GCS-EGFP rat spermatogonia that maintained or lost stem cell function over time in culture [31] . The MSC-1 Sertoli cell line [32] was a gift from Michael D. Griswold (Washingtion State University, Pullman, WA); the SNL fibroblast line was a gift from Allan Bradley (Welcome Trust Sanger Institute, Hixton CB10, United Kingdom).
RESULTS
Identification of ERBB3
þ A-Single Spermatogonia in Rats
Because neuregulin-1 stimulated spermatogonial development in culture [33] , immunolabeling experiments were initiated to study neuregulin receptors in testis sections prepared from adult transgenic rats that express a germ cellspecific reporter (tgGCS-EGFP) [23] . Labeling for the neuregulin receptor, ERBB3, localized to plasma membrane and cytoplasm of individual EGFP þ spermatogenic cells at the basal lamina of seminiferous tubules (Fig. 1A, arrow) . ERBB3-labeling also localized to a distinct population of interstitial somatic cells (negative for tgGCS-EGFP) (Fig. 1, A and B, asterisks). In wild-type rat testis sections, the ERBB3 þ spermatogenic cells exhibited labeling for the nuclear transcription factor, PLZF (ZBTB16) (Fig. 1C) . PLZF is a molecular marker for type A spermatogonia in testes [34, 35] . In contrast, interstitially localized ERBB3 þ somatic cells did not exhibit PLZF labeling (Fig. 1D ). Due to cytoplasmic extensions, the ERBB3 þ spermatogonia were observed between 30 and 60 lm in length (Fig. 1, A and C) .
When analyzed in whole mounts of seminiferous tubules (Supplemental Fig. S1A ; all Supplemental Data are available online at www.biolreprod.org), the ERBB3 þ , PLZF þ type A spermatogonia were highly restricted to individual cells lacking syncytial formation, indicating they represented A-single spermatogonia ( Fig. 1E and Supplemental Fig. S1B ). However, a smaller fraction of ERBB3 þ , PLZF þ spermatogonia (,5%) were syncytial pairs representing A-paired spermatogonia ( Fig.  1F and Supplemental Fig. S1C ). ERBB3
þ A-single spermatogonia also exhibited labeling for the transcription factor, SALL4 ( Fig. 2A) , which like testicular PLZF is selectively detected in type A spermatogonia [2] . ERBB3 þ A-single spermatogonia were clearly distinct from longer chains of PLZF þ (Fig. 1E ) and SALL4 þ ( Fig. 2A) aligned spermatogonia. Thus, immunolabeling for ERBB3 was highly localized to A-single spermatogonia in adult rats.
Molecular Marker Profile for ERBB3 þ A-Single Spermatogonia
Initial studies in adult rats (age, 90-175 days) indicated ERBB3 þ spermatogonia were quite rare compared to reports on the relative abundance of rat A-single spermatogonia (Supplemental Fig. S1C ) [9] . Therefore, additional molecular markers were identified from microarray data available in silico [31] and used to evaluate populations of A-single spermatogonia in the rat. SNAP91 provided an interesting candidate stem cell marker, because transcripts encoding SNAP91 copurify in fractions of testis cells enriched with spermatogonial stem cells [31, 36] . Similar to Sall4, the relative abundance of Snap91 dropped rapidly in spermatogonia cultured under conditions that promoted differentiation (GEO DataSets, series GSE830) (Fig. 2B) . However, SNAP91 was detected in cytoplasmic granules of SALL4 þ (Fig. 2C ) and PLZF þ (Fig.  2D) SNAP91 clearly waned in aligned spermatogonia beyond the 2-cell step in development (Fig. 2D) . Consistent with estimates obtained in adult rats (Supplemental Fig. S1C ), the SNAP91 þ , PLZF þ A-single spermatogonia were substantially more abundant (10-fold) than ERBB3 þ , PLZF þ A-single spermatogonia in 33-day-old rats (Fig. 2D) .
Antibodies to CD9 were previously used to isolate enriched fractions of rat spermatogonial stem cells [37] . Here, CD9 was
FIG. 2. ERBB3 and SNAP91 labeling in SALL4
þ rat spermatogonia. A) Colabeling for ERBB3 (red) and SALL4 (green) in a seminiferous tubule from a 120-day-old rat. Note the ERBB3-labeling localized to cytoplasm of A-single and paired-like spermatogonia and nuclear localization of SALL4. Bar ¼ 40 lm. B) SALL4 (top) and SNAP91 (bottom) mRNA abundance rapidly declined in type A spermatogonia after culture for 20 days on SNL mouse fibroblasts in serum-containing medium (left). Sp, freshly isolated differentiating spermatogenic cells; USg, freshly isolated undifferentiated type A spermatogonia; MSCþUSg, undifferentiated type A spermatogonia after culture for 20 days on the MSC-1 cell line in serum-containing medium (right). Note that tgGCS-EGFP rat germ cells were used to enable fluorescence-activated cell sorting purification from SNL and MSC-1 cell lines before mRNA isolation [31] . Data from National Center for Biotechnology Information GEO DataSets, series GSE830. C) Colabeling for SNAP91 (red) and SALL4 (green) in a seminiferous tubule from a 120-day-old rat. Note the endosome-like vesicles in cytoplasm marked by SNAP91 and nuclear SALL4 in A-single and A-paired spermatogonia. Bar ¼ 20 lm. D) Numbers of PLZF þ spermatogonia per 2.6-cm length of seminiferous tubules from 33-day-old rats colabeled with antibodies to ERBB3 or SNAP91 (mean 6 SEM, n ¼ 3 rats). CYCLING HETEROGENEITY OF A-SINGLE SPERMATOGONIA selectively detected in the cytoplasm and at the plasma membrane of A-single and A-paired spermatogonia of 120-day-old rats, but also in aligned spermatogonia at the 4-to 8-cell stages of development (Supplemental Fig. S2A ). In most tubular segments from 120-day-old rats, labeling intensity of CD9 sharply declined within longer chains of greater than four PLZF þ spermatogonia but became detectable again in later steps of differentiating spermatogonia/early spermatocytes, as initially reported in rodents [37] . In testes of 31-day-old rats, a similar antibody labeling profile was observed for CD9 in Asingle and A-paired spermatogonia. However, in contrast to adult rats, vivid CD9 labeling was observed in syncytial chains of type A spermatogonia consisting of 4 to more than 32 cells in 31-day-old rats (Supplemental Fig. S2B ). Thus, like SNAP91, CD9 provided an additional cytoplasmic marker to study properties of rat A-single spermatogonia.
Analysis of PLZF þ spermatogonia in 120-day-old rats by colabeling with antibodies to ERBB3 (Fig. 3A), SNAP91 (Fig.  3B) , and CD9 (Fig. 3C) provided estimates that numbers of
ERBB3
þ A-single spermatogonia scored per wave were approximately 3.2% of that scored for SNAP91
þ A-single spermatogonia and approximately 4.8% of that scored for CD9
þ A-single spermatogonia (Supplemental Table S1 ). Likewise, numbers of ERBB3 þ A-paired spermatogonia scored per wave were approximately 1.1% of that scored for SNAP91
þ A-paired spermatogonia and approximately 0.6% of that scored for CD9
þ A-paired spermatogonia. ERBB3 þ Apaired spermatogonia represented 3.4% of total ERBB3 þ clonal units per wave, and ERBB3 was not detected in syncytia containing more than two cells. Thus, the antibody to ERBB3 selectively marked rare A-single spermatogonia in rats based on labeling profiles generated with spermatogonial marker proteins (Fig. 3D) .
FIG. 3. ERBB3
þ A-single spermatogonia are rare. A-C) Relative numbers of PLZF
þ spermatogonia (C) per wave of spermatogenesis scored in four separate 120-day-old rats (also see statistical summary in Supplemental Table  S1 ). D) Antibody-labeling profiles for marker proteins in A-single, A-paired, and A-aligned spermatogonia observed by fluorescence microscopy in seminiferous tubule whole mounts prepared from 120-day-old rats. þ, positive for antibody labeling; À, negative for antibody labeling (arbitrary scale).
ABID ET AL.
Identification of SNAP91 þ A-Single Spermatogonial Subtypes in Rat Testes
Next, the relative abundance of ERBB3 þ spermatogonia within the SNAP91 þ spermatogonial population was directly investigated in 31-and 120-day-old rats. Colabeling seminiferous tubules for SNAP91 and ERBB3 demonstrated distinct populations of SNAP91 þ , ERBB3 þ and SNAP91 þ , ERBB3
À A-single spermatogonia in rats of each age (Fig. 4A,  Supplemental Fig. S3 , and Supplemental Table S2 ). All ERBB3 þ spermatogonia scored in both 31-and 120-day-old rats were SNAP91 þ . In 120-day-old rats, ERBB3 þ A-single spermatogonia represented approximately 4.5% of SNAP91 þ A-single spermatogonia, and ERBB3 þ A-paired spermatogonia represented approximately 4.3% of SNAP91 þ A-paired spermatogonia (Fig. 4B and Supplemental Table S2 ).
SNAP91
þ , ERBB3 þ spermatogonia were not detected in syncytia containing more than two cells. Thus, colabeling experiments using cytoplasmic markers defined ERBB3 þ Asingle spermatogonia as a subtype of SNAP91 þ A-single spermatogonia in rats.
ERBB3 þ A-Single Spermatogonia Do Not Incorporate EDU Efficiently
To determine the percentage of ERBB3 þ spermatogonia in S phase, seminiferous tubule whole mounts were prepared from 120-day-old rats 44 h after a single injection of the thymidine analog, EDU. Interestingly, no ERBB3 þ spermatogonia were observed with incorporated tracer after scoring 137 6 22 ERBB3 þ clonal units/rat (mean 6SEM, n ¼ 3 rats) (Fig.  5A) . Within the same tubular segments, chains of ERBB3 À , EDU þ aligned-like spermatogonia clearly incorporated tracer (Fig. 5A) . Similarly, in tubule whole mounts prepared from 31-day-old rats 24 h after administering the first of two EDU injections (6.5 h apart), only 0.66% 6 0.62% of ERBB3 þ Asingle spermatogonia and no ERBB3 þ A-paired spermatogonia were scored EDU þ (498 total clonal units scored, with 493 Asingle and 5 A-paired) (Fig. 5B) . In seminiferous tubules from the same rats, 14.3% 6 4.0%, 12.2% 6 5.6%, and 5.7% 6 3.8% of respective CD9 þ A-single, paired, and aligned spermatogonia were scored EDU þ (580 total clonal units scored, with 160 A-single, 165 A-paired, and 255 A-aligned) (Fig. 5, B and C) . Thus, in 310-day-old rats, greater than 20-fold more CD9 þ A-single spermatogonia incorporated EDU during a 24-h treatment period than did ERBB3 þ A-single spermatogonia (P , 0.009).
Stage-Specific Detection of ERBB3 þ A-Single Spermatogonia
The low relative abundance ERBB3 þ A-single spermatogonia and their distinct EDU incorporation profile prompted studies to investigate their association with other cell types within rat testes. Interestingly, in adult rats, ERBB3 was highly localized to A-single spermatogonia during stages VIII-IX of a seminiferous epithelial cycle (Fig. 6A) . As a result of this stage-specific localization, ERBB3 þ spermatogonia were consistently identified in associations containing type A1 spermatogonia, preleptotene spermatocytes, pachytene spermatocytes, step 8-9 round spermatids, step 19 elongated spermatids, and Sertoli cells (Supplemental Fig. S4 ). Potential stage-specific associations between interstitial somatic cells and ERBB3
þ A-single spermatogonia were noted (Supplemental Fig. S4 ), but these remain to be analyzed with additional lineage markers.
Colabeling for ERBB3 and espin highlighted adluminal and basal compartments of the seminiferous epithelium (Fig. 6B) . Espin is a marker for Sertoli cell adherens junctions at the apical ectoplasmic specialization and blood-testis barrier [38] . This showed ERBB3 þ spermatogonia and preleptotene spermatocytes located in the basal compartment, whereas pachytene spermatocytes and spermatids localized to the adluminal compartment (Fig. 6B) . Preleptotene spermatocytes were frequently observed positioned adluminally to ERBB3 þ spermatogonia within gaps of espin labeling in intermediatelike compartments (Fig. 6B) . This highly restricted localization of ERBB3 on A-single spermatogonia during spermatogenic stages VIII-IX explains their low relative abundance compared to the total SNAP91 þ A-single pool, and it unveils potential mechanisms for how A-single spermatogonial fate could be regulated during an epithelial cycle (Fig. 6C) .
FIG. 4. ERBB3
þ spermatogonia are a subtype of A-single spermatogonia. A, Left) A-single spermatogonia observed after colabeling for SNAP91 and ERBB3 in whole-mount seminiferous tubules from 120-day-old rats. Bar ¼ 20 lm. A, Right) Higher-magnification image of an ERBB3 þ , SNAP9 þ rat A-single spermatogonium. Note the intricate ERBB3 þ lamellipodia and
þ A-single (As), A-paired (Apr), and A-aligned (Aal) spermatogonia per 2.6-cm length of seminiferous tubules from 31-day-old (mean 6 SEM, n ¼ 3) and 120-day-old (mean 6 SEM, n ¼ 4) rats (also see statistical summary in Supplemental Table S2 ).
CYCLING HETEROGENEITY OF A-SINGLE SPERMATOGONIA
Frequency of ERBB3 þ A-Single Spermatogonia During an Epithelial Cycle
Understanding the relative abundance of A-single spermatogonial subtypes in stage VIII-IX tubules could provide insight regarding their roles during spermatogenesis. Based on a 37-h period for stages VIII plus IX of spermatogenesis [5, 7] and mean numbers of A-single spermatogonia subtypes per wave (Figs. 3 and 4 
), ERBB3
þ spermatogonia represented approximately 36% of SNAP91 þ A-single spermatogonia scored within stage VIII-IX tubules of 120-day-old rats (see Materials and Methods for calculations).
In a second approach, local concentrations of ERBB3 þ spermatogonia within the SNAP91 þ population were scored directly within 0.15-mm 2 microscopic fields of seminiferous tubules from 104-to 126-day-old rats (Fig. 7A) Table S3 ).
Accordingly, the relative abundance of ERBB3 þ A-single spermatogonia in a majority of fields ranged between 20% and 60% of total SNAP91 þ A-single spermatogonia per field (Fig.  7B) . In their most populated regions, the relative abundance of ERBB3 þ A-single spermatogonia did not exceed the mean number of SNAP91 þ spermatogonia per field (Fig. 7C) , and their numbers were maintained under this threshold at approximately half the mean density of ERBB3 À A-single spermatogonia (Fig. 7D) .
FIG. 5. Percentage of CD9
þ and ERBB3 þ spermatogonia in S phase. A) ERBB3 labeling in cytoplasm of A-single spermatogonia (red) and EDU labeling in nuclei (green) of various testis cell types in seminiferous tubule of a 120-day-old rat. Labeling was conducted 44 h after a single i.p. injection of EDU (5 mg/kg). Arrow points to a chain of type A-aligned-like spermatogonia. Bar ¼ 40 lm. B) Mean frequencies of EDU uptake by CD9 þ and ERBB3 þ A-single (As), A-paired (Apr), and A-aligned-like (Aal) spermatogonia along the lengths of seminiferous tubule whole mounts from 31-day-old rats. Labeling was conducted 24 h after the first of two total i.p. injections of EDU (5 mg/kg; injection 1, 0 h; injection 2, 6.5 h). Bars represent the mean 6SEM (n ¼ 3 rats; *P , 0.009, %EDU þ , ERBB3 þ vs. %EDU þ , CD9 þ A-single populations, Student t-test). C) Colabeling for EDU (green, nuclei) and CD9 (red, cytoplasm) in Asingle (As) and A-aligned-like (Aal) spermatogonia from rats described in B. White arrows, EDU þ spermatogonia; yellow arrows, EDU À spermatogonia. Bar ¼ 20 lm.
ABID ET AL.
Modeling Cyclical Regulation of A-Single Spermatogonia Fate
To build on a hypothesis for how developmental fates of Asingle spermatogonia can be regulated in mammals, phosphoepitope antibodies to the ribosomal S6 protein were used to map stage-specific changes in cell signaling that overlap colocalizing populations of ERBB3 þ and ERBB3 À A-single spermatogonia. Phosphorylation of S6 protein on serine residues 235 (pSer 235 ) (Supplemental Fig. S5A ) and 240 (pSer 240 ) (Supplemental Fig. S5B ) was detected in Sertoli cells specifically during stages VIII-XI of spermatogenesis. Robust expression of pSer 235 in Sertoli cells was more tightly focused to late stage VIII and stage IX segments (Supplemental Fig.  S5A ). Sertoli cells expressing pSer 235 formed direct contacts with ERBB3
þ spermatogonia and preleptotene spermatocytes
FIG. 6. ERBB3
þ spermatogonia localize to stages VIII-IX of spermatogenesis. A) Distribution of ERBB3 þ , PLZF þ spermatogonia in stages of the seminiferous epithelial cycle scored within testis cross sections from 90-day-old rats. Bars show total ERBB3 þ spermatogonia scored from three sections per rat (n ¼ 3 rats; average counts per rat ¼ 4.9 6 0.97 ERBB3 þ spermatogonia/section [mean 6 SEM]). B) Colabeling for ERBB3 (red) and espin (green) in a testis section from a 45-day-old rat. Espin localizes to Sertoli-Sertoli junctions, forming the blood-testis barrier, which separates the adluminal and basal compartments of the epithelium. An intermediate compartment is formed during migration of transitioning preleptotene spermatocytes through the bloodtestis barrier. Hoechst 33342-labeled nuclei are shown (blue). Bar ¼ 50 lm. C) Schematic showing ERBB3 þ (red) and ERBB3 À (green) subtypes of SNAP91 þ A-single spermatogonia relative to A-paired and A-aligned spermatogonia in stage VII-XII segments of a rat seminiferous tubule. A working model on how stem cell niches could regulate spermatogenesis is also illustrated, which is based on the stage-specific anatomical arrangement of ERBB3 þ and ERBB3
À A-single spermatogonial subtypes. In this scenario, heterogeneity would develop within populations of SNAP91 þ A-single spermatogonia upon saturation of germline stem cell niches following the peak of stem cell divisions between rat epithelium stages X and III (stages X-III not depicted) [8-10, 52-55, 74] . Theoretically, this would render a distinct population of SNAP91 þ A-single spermatogonia residing outside niches more susceptible to entering cell cycles that yield A-aligned spermatogonia [8] [9] [10] . Thus, as illustrated, it remains to be determined if the ERBB3 þ spermatogonial population represents A-single spermatogonia inside or outside germline stem cell niches.
CYCLING HETEROGENEITY OF A-SINGLE SPERMATOGONIA during late stage VIII and early stage IX of spermatogenesis (Fig. 8) . Thus, waves of S6 protein phosphorylation in Sertoli cells clearly advanced through tubular segments containing ERBB3 þ A-single spermatogonia but were initiated at times shortly after heterogeneity developed in the A-single pool (Fig.  9A) .
DISCUSSION
Discovery of heterogeneity within local populations of Asingle spermatogonia during a stage-specific window of the rat seminiferous epithelial cycle would invoke new theories on how cellular niches orchestrate spermatogenesis in mammals. Here, we classify distinct subtypes of SNAP91 þ A-single þ A-single spermatogonia (n ¼ 214 fields) captured from seminiferous tubule whole mounts prepared from 104-to 126-day-old rats (see Supplemental Table S3 throughout cytoplasm of A-single and A-paired spermatogonia. To our knowledge, restricted localization of SNAP91 to rat Asingle and A-paired spermatogonia is most similar to NANO-S2
þ spermatogonia in mice [40] . In male mice, NANOS2 is essential for maintenance of spermatogonial stem cells [16] and proper meiotic entry [41, 42] . In contrast, female germ cells develop normally in NANOS2-deficient mice [42] . GFRa1 is a glycophosphatidylinositol-anchored protein that is also essential for mouse spermatogonial stem cell maintenance [43, 44] . NANOS2 expression is dependent on GFRa1, and NANOS2 partially rescues the stem cell loss phenotype in GFRa1-deficient mice [43] . Similar to NANOS2 and SNAP91 in rodents, GFRa1 is abundantly localized to A-single and A-paired spermatogonia [45] . However, GFRa1 has been commonly detected on Aaligned spermatogonia in a variety of species [16, [46] [47] [48] [49] [50] . Like SNAP91 and NANOS2, the ERBB3-labeling profile discovered here is highly restricted to single and paired spermatogonia, but more so to A-single spermatogonia, and, uniquely, in a stage-specific manner. Most recently, the transcription factor, ID4, was reported highly localized to PLZF þ A-single spermatogonia [51] . Stringent localization of ID4 to A-single spermatogonia, together with its requirement for spermatogonial stem cell maintenance, identified ID4 as the first fatedetermining factor that specifically marks actual stem spermatogonia [51] . As a result, it will be important to determine how ID4, NANOS2, SNAP91, GFRa1, and ERBB3 are functionally linked during spermatogonial proliferation and development.
Currently, it is not known if ERBB3 þ and ERBB3 À Asingle spermatogonia hold distinct biological roles and if they purely reflect transition states intrinsic to the A-single population during stages VIII-IX. Thus, it may well be determined that such heterogeneity in A-single spermatogonia is caused by cell-intrinsic mechanisms that are somehow buffered during other stages of an epithelial cycle. Still, because local concentrations of the ERBB3 þ A-single spermatogonia appear to be maintained independent of the total A-single pool (Fig. 7) , a reasonable hypothesis is that heterogeneity between neighboring SNAP91 þ A-single spermatogonia during stages VIII-IX reflects differences in their developmental fates. If so, this could imply effects of germline stem cell niches during stages VIII-IX of spermatogenesis (Fig. 6C) . However, A-single spermatogonia divide up to three times each epithelial cycle in rodents and, therefore, execute fate decisions upon each division to sustain a steady state of spermatogenesis [8] [9] [10] . Moreover, A-single spermatogonia undergo their cell divisions predominantly outside stages VIII-IX [8] [9] [10] . Thus, germline stem cell niches that exert effects on stem cell fates specifically during stages VIII-IX of an epithelial cycle do not seem intuitive. Yet, such models do not preclude stage-specific effects of the seminiferous epithelium on priming initial rates at which A-single spermatogonia enter cell cycles toward differentiating or selfrenewing divisions (Fig. 6C) .
Another related possibility is that the profile of ERBB3 [54] [55] [56] . Therefore, heterogeneity between larger cohorts of A-single spermatogonia during stages VIII-IX could represent differences associated with cells in G1 phase. Interestingly, self-renewal rates of A-single spermatogonia were recently found to be dependent on the retinoblastoma tumor suppressor protein, RB [57, 58] . The RB protein is a well-established regulator of cell-cycle progression and stem cell fate [59] . Thus, the nature of Asingle spermatogonia heterogeneity identified here during stages VIII-IX in rats becomes especially striking, because it overlaps a pivotal juncture in the epithelial cycle when most Asingle spermatogonia appear mitotically quiescent and immediately proceeds flux of A-single spermatogonia back into more active cell cycles between stages X and III [8, 9, [54] [55] [56] .
The cyclical profile of A-single spermatogonia heterogeneity identified here in rats also reveals how classically defined, stage-specific cellular associations [5, 7] could selectively emanate signals in each epithelial cycle to differentially regulate fates of stem spermatogonia. As a prerequisite for such a model, it is key that ERBB3 þ and ERBB3 À A-single spermatogonia persist during a restricted window of time (i.e., ;37 h per 310-h cycle), which synchronizes their development with specific differentiation steps for distinct generations of spermatogenic cells in stage VIII-IX tubular segments. This includes 1) shedding of mature sperm from the seminiferous epithelium, 2) initiation of spermatid elongation, 3) initiation of meiotic prophase, 4) migration of spermatocytes through the blood-testis barrier, and 5) entry of type A1 spermatogonia into the cell cycle [7] . By analogy to invertebrate germline stem cell niches, it remains to be determined if or how direct associations between ERBB3
þ A-single spermatogonia and other testis cell types differ from cell associations formed by ERBB3 À A-single spermatogonia during epithelium stages VIII-IX. However, in a nonclassical paradigm, even if direct cellular associations formed by ERBB3 þ A-single spermatogonia are not unique within the A-single pool; stage-dependent heterogeneity within the total A-single population potentially subjects these cells to differential regulation by transient, overlapping extrinsic signals (Fig. 9B) .
Cellular and molecular anatomy comprising germline stem cell niches that maintain gametogenesis via specifically localized extrinsic signals are well established in Drosophila ovaries and testes [60] [61] [62] [63] . In addition, genetic assays in mice have identified testicular factors [19, 64, 65] , including Sertoli cells themselves [20, 66] , required to maintain stem spermatogonia. Such paracrine effectors are postulated to interact with factors derived from testicular interstitium/vasculature to regulate spermatogonial fate [67] [68] [69] . This is because undifferentiated type A spermatogonia preferentially localize to the basement membrane of seminiferous tubules near vasculature niche-like compartments during stages VI-IX of spermatogenesis in rodents [67] [68] [69] . Accordingly, spermatogonia appear to migrate away from these vascular regions during stages VIII-IX to become more dispersed throughout the basal compartment of the epithelium as respective syncytia expand mitotically and differentiate [68] . In rats, undifferentiated spermatogonia were also reported to be significantly more proximal to interstitial regions during stages V, VII, and IX [69] . Similar to scenarios discussed above for ERBB3 þ and ERBB3 À A-single spermatogonia, such associations with vascular regions would occur predominantly when A-single spermatogonia are not actively dividing, but more so during transformation of A-aligned spermatogonia into type A1 spermatogonia [8] [9] [10] and reentry of A1 spermatogonia back into their cell cycle [8] [9] [10] 70] .
Along these lines, a recent study found no associations between changes in testicular interstitium/vasculature volume and enhanced donor spermatogonial stem cell colonization in CYCLING HETEROGENEITY OF A-SINGLE SPERMATOGONIA mice with hypothyroidism [20] . However, a strong correlation was found between increased Sertoli cell numbers per testis and spermatogenic colonies formed per number of donor spermatogonia [20] . These findings could manifest from developmental differences between A-single spermatogonia and A-aligned spermatogonia [8] [9] [10] [11] , because associations between A-single spermatogonial subtypes and the testicular vasculature have yet to be mapped [71] . It would suggest that even more finely tuned anatomical compartments/signals exist to regulate spermatogonial fate within such vascular associated niches [72] and that fate of A-single spermatogonia is somehow primed within these regions before their most active periods of cell division. Thus, newfound molecular markers for subtypes of A-single and A-paired spermatogonia (i.e., ERBB3, ID4, SNAP91, and NANOS2) provide probes to potentially help advance these concepts.
Under steady-state conditions, it is estimated that approximately 50% of stem spermatogonia leave their niche and differentiate each epithelial cycle [73] . Accordingly, in adult rats, mice, and hamsters, numbers of A-single spermatogonia do not fluctuate much over the length of a spermatogenic wave (2-fold or less) despite dividing approximately two or three times per cycle, compared to clear amplification of total Aaligned/A1 spermatogonia numbers (.50-fold) [9, 10, 74, 75] (Fig. 7, C and D) . By these counts, if heterogeneity within SNAP91 þ A-single spermatogonia is ultimately verified as reflecting differences in their developmental fates, then about one-third to two-thirds of A-single spermatogonia would be destined to become A1 spermatogonia each epithelial cycle. In fact, these ratios are documented in rats, mice, and hamsters where following A-single spermatogonial divisions between stages X and IV, approximately twice as many clonal units of A-paired plus A-aligned spermatogonia were scored compared to A-single spermatogonia [9, 74, 76] .
